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Modification of renal cortical subcellular membrane phospholipids
induced by mercuric chloride. Administration of mercuric chloride
(HgCI2, 6 mg/kg) to rabbits produced renal failure, with changes in
serum creatinine from 1.01 1 in controls to 6.46 0,91 mg/dl 24 hr
after administration. Mitochondria isolated from HgC12-treated rabbits
exhibited alterations in acceptor control ratios, with reduction to 1.9
0.2 from 3.9 1.2 in controls. Ultrastructurally, the mitochondria
showed swelling and loss of inner mitoehondrial membranes. Total
lipids from mitochondria of control and treated rabbits were obtained
by modified Foich extraction and phospholipids analyzed by TLC.
Brush border membranes and basolateral membranes were prepared
from control and HgC12-treated kidneys 2 and 24 hr after HgCI2
administration, At 24 hr mitochondria showed a 36% fall in phosphati-
dyicholine (PC), a 36% fall in phosphatidylethanolamine (PB), and a
27% fall in cardiolipin. Brush border showed a decrease in
phosphatidylserine (PS) of 29% and in PB of 40%. The basolateral
membranes showed a reduction only in PB of 35%. At 2 hr post HgCl2,
early changes are confined to the BBM and consist of a reduction in PB
in this membrane. This changes in membrane phospholipids may be
important in the functional derangements that occur at the cellular level
after HgCI2 administration.
Nephrotoxieity associated with the vivo administration of
mercurials and other heavy metals is associated with functional
changes at the whole kidney level [1, 2] and at the single
nephron level [3, 4]. Furthermore, these heavy metals pro-
foundly affect mitochondrial function [5—7]. Weinberg et al [5,
6] have demonstrated that after mercuric chloride-induced
acute renal failure in the rat there is an uncoupling of oxidative
phosphorylation and loss of acceptor control, which was asso-
ciated with a marked stimulation of state 4 respiration of
mitochondria in vitro. At the light microscopic level, there is
disruption of the tubular epithelium, and, ultrastructurally,
there is loss of inner mitoehondrial membrane [7, 8] associated
with swelling. These observations have suggested that the
pathophysiologic changes that occur after nephrotoxic insult
are the result of biochemical alterations in the lipid bilayer.
Several investigators have focused on the biochemical integrity
of biological membranes following in vivo administration of
nephrotoxic agents [9, 10)). Since the integrity of the lipid
bilayer is important for such diverse functions of the cell as
permeability, hormone receptor interaction, and the catalytic
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activity of many enzymes, for example, Na, K ATPases, and
Ca2t Mg2 ATPases [11, 12], it is appropriate to begin to
document alterations in the lipid components of subcellular
membranes following toxic injury. This paper will assess the
changes in membrane phospholipids after the administration of
a toxic dose of HgCl2 in vivo.
Methods
New Zealand white rabbits were used. They were allowed
free access to food and water. The kidneys were removed after
the administration of nembutal 30 mg/kg intravenously through
an ear vein. Rabbits were divided into two groups. Control
animals were used to establish baseline conditions, and exper-
imental animals were administered 6 mg/kg of HgCI2 in saline
(concentration of HgC12 was 30 mg/ml) subcutaneously. Twen-
ty-four hr after administration of the HgCl2, the rabbits were
sacrificed. The kidneys were removed and the cortex separated
from the medulla. In another set of experiments, the kidneys
were removed 2 hr after subcutaneous administration of HgCI2.
Isolation of mitochondria
Mitochondria were isolated after homogenization of renal
cortex in 10 volumes 250 mrvt sucrose, 1 mM EDTA, 20 mM
Hepes pH 7.4 in a Potter Elvjheim homogenizer (American
Scientific, McGraw, Illinois, USA). The homogenate was then
centrifuged at 600g for 5 mm at 4°C in a Beckman TJ-6
centrifuge (Beckman, Palo Alto, California, USA). The super-
natant was then centrifuged at lO,000g for 10 mm at 4°C, and
this supernatant discarded. For polarographic work, the
mitochondria were resuspended in 250 m sucrose and an
aliquot removed for protein analysis. For extraction of mem-
brane lipids, the mitochondria were suspended in a small
volume of saline, an aliquot removed for protein determination,
and the remainder extracted for total lipids. Ultrastructural
appearances have been reported previously [8].
Preparation of basolateral (BLM) and brush border
(BBM) membranes
Renal cortex was homogenized in 20 volumes 50 m man-
nitol, 2 mivi Tris HCI, pH 7.0 for 30 sec in a Waring blender. The
homogenate was then further homogenized with a tissumizer
(Tekmar, Cincinnati, Ohio, USA) for four 30-sec bursts at full
speed on ice. The homogenate was then filtered through 37—40
micron nylon mesh (Nitex Corp., Tetko, Elmsford, New York,
USA) and the ifitrate centrifuged at 3,SOOg for 5 mm at 4°C. The
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supernatant is then removed and to it is added CaC12 to bring
the concentration to 10 m and allowed to stand on ice for 15
mm at 4°C. In some experiments, the precipitation was carried
out using 10 mrvs MgC12 instead of CaCl2. The supernatant iS
then centrifuged at 4,000g for 15 mm at 4°C. In this step, the
pellet contains crude basolateral membranes, and the superna-
tant, crude brush border membranes. The crude BBM are then
centrifuged at 35,000g for 30 mm, and the pellet resuspended in
a small volume of 300 m mannitol, 5 mri Tris HC1 pH 7.5, and
centrifuged again at 35,000g. The pellet is then resuspended in
20 volumes (w/v) of 300 mM mannitol, 5 m Tris HC1 pH 7.5
and centrifuged at 30,000g for 30 mm. The loosely packed
material is removed gently with a small volume of 50 mrvi Tris,
0.9% saline pH 7.4, and used as BBM. The BLM pellet was
resuspended in 30 to 40 volumes (w/v) of 150 m NaC1, 50 mM
Tris pH 7.4, 10 mi mercaptoethanol, and subjected to a quick
burst of the polytron. EDTA was added to bring the final
concentration to 15 m, and stirred on ice for 10 mm. Percoll
was added to give 15% Percoll, and the suspension centrifuged
at 25,000g for 15 mm at 4°C. The second band from the top of
the gradient contained the basolateral membranes. Character-
ization of basolateral and brush border membranes based on
marker enzymes are indicated in Figure 1. Here, the enrichment
of deenrichment of Na, K ATPase, maltase, alkaline phos-
phatase, and acid phosphatase compared with activity of whole
homogenate is shown for membranes from normal and HgCl2-
treated animals.
Polarographic studies
These studies were carried out in a 1.2 ml volume closed
water jacketed chamber at 30°C. Suspension of mitochondria
were added to buffer and 10 tM rotenone added to isolate the
terminal components of the respiratory chain. Ten m suc-
cinate (as sodium salt) was added as substrate and ADP added
to a final concentration of 400 nmoles to stimulate state 3
Fig. 2. Two dimensional thin layer chromatogram of phospholipids.
Abbreviation: SF, solvent front.
respiration. State 4 respiration was taken as the rate of 02
consumption prior to addition of ADP, and state 3 respiration as
the rate of °2 consumption in response to ADP. The acceptor
control ratio is calculated as the ratio of state 3/state 4.
Lipid extraction
To the isolated membranes was added 20 volumes
chloroform:methanol:HCI (100:200:1) and allowed to sit for 1
hr. The suspension was then centrifuged at 6000g for 10 mm.
The supernatant was removed and to it added 1/5 volume 2M
KC1 and EDTA to a final concentration of 2mM. The mixture
was then centrifuged at 6,000g for 10 mm and the chloroform
layer removed. To this was added 1/5 volume of distilled H20
and centrifuged at 6,000g for 10 mm and the CHC13 layer
removed. An aliquot of this was removed for total lipid phos-
phorous analysis by modification of method of Vashkovsky et al
[13, 14].
Lipid separation
Separation of major phospholipid classes were carried out by
two dimensional TLC using silica gel G HP-TLC plates from E.
Merck (Montreal, Québec, Canada). The first dimension con-
sisted of CHC13/MeOH/NH4OH/H20 (65/35/5/0.6), and the sec-
ond dimension was CHC13/acetone/MeOH/acetic acidIH2O
(45/19/10/15/4.4), which accomplished separation of major lipids(Fig. 2). The TLC chamber used was the Regis short bed
chamber, which accomplished the separation in 40 mm.
Fatty acid isolation
Mter phospholipid separation by HPTLC, the phospholipid
classes were localized on the TLC plates by spraying with an
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Fig. 1. Enrichment or deenrichment of marker enzymes of normal ()
and HgCI2-treated rabbits (m) (N = 3). Activities are compared with
whole homogenate. Abbreviations are: BBM, brush border membrane;
BLM, basolateral membrane.
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aqueous solution of Rhodamine 6G and visualization by UV
light [15].
The plates were then dried in air and internal standard of
C21 :o methylester added to spots on the plate. The silica was
then scraped off and placed in 12 x 75 mm tubes to which is
added 250 jsl CHC13, then 600 M1 0.5N NaOH in MeOH. This is
then vortexed and allowed to sit at room temperature for 10
mm. Six-hundred tl 6N HC1 is then added to the mixture and
centrifuged at 900g for 5 mm. The CHC13 phase is then
removed, dried under N2, and reconstituted into heptane for gas
chromatography of fatty acid methyl esters. Gas chromatogra-
phy was carried out on a 2 m column, 2 mm I.D., of 10%
SP-2330 on 100/120 Chromosorb W AW (Supelco, Belifontaine,
Pennsylvania, USA). Hydrolysis and esterification was 90%
complete and was comparable to transesterification with boron
trifluoride.
Results
Twenty-four hr after administration of HgC12 subcutaneously
to the rabbits, the serum creatinine levels were 6.46 0.91
mg/dl (N = 6) compared with the normal value of 1.01 0.1
mg/dl (N = 8). All animals treated with HgC12 had an increase
in serum creatinine, indicating a reduction of glomerular filtra-
tion rate. Mitochondria isolated from the kidneys of mercuric
chloride-treated animals were uncoupled, showing acceptor
control ratios of 1.9 0.2 when compared to control
mitochondria (3.9 1.2). Figure 3 shows a comparison of the
major phosphorus-containing lipids of control mitochondria and
mitochondria removed from animals 24 hr after administration
of HgC12. The amounts of phospholipid are expressed as
nanomoles P04/mg membrane protein. Figure 2 shows that in
mitochondria from animals treated with HgCI2 there are no
significant differences in sphingomyelin, P1, or PS. However
there are significant changes in PC (70.4 6.0 vs. 44.8 4.9, P
< 0.05), in PE (58.1 4.8 vs. 37.3 3.1, P < 0.01), and in
cardiolipin (19.0 1.5 vs. 13.8 1.6, P < 0.005) in control
versus experimental. Thus, there appear to be specific changes
in the phospholipids of mitochondria. In addition, Figure 4
shows the changes in BBM after 24 hr exposure is HgCL2 in
vivo. The changes here were in PE (88.7 5.9 vs. 53.3 5.6,
P C 0.01) and in PS (48.6 4.4 vs. 34.4 2.4, P C 0.05). Figure
5 shows that in BLM only PE showed any significant changes
with PE (78.7 5.8 vs. 51.2 7.2, P c 0.02). Of some
significance is that the yields of BBM were decreased in the
HgC12-treated animals. Also, preparation of BBM using Mg2
precipitation did increase the yields of BBM, and the values for
phospholipids were 5 to 10% higher in absolute terms. How-
ever, they did not influence the relative changes in control
versus experimental. Furthermore, Mg2 did not influence
significantly BLM yields or phospholipids composition when
compared with Ca2 precipitation method. The comparable
values obtained after 2 hr HgC12 administration were also very
interesting. Table 1 shows the phospholipid values for
mitochondria, ELM, and BBM 2 hr after administration of
HgCI2. There are no significant differences in the various
phospholipid classes at 2 hr in mitochondria and BLM. How-
ever, there is a statistical difference (P <0.05) in PE of BBM at
2 hr and a tendency of PC to fall, though not significant by our
calculations. Table 2 shows the fatty acid composition of PE in
mitochondria, BBM, and ELM obtained from control rabbits,
Ln
Phosphatidylethanolamine
Fm
and 24 hr after HgC12 administration in vivo. This table shows
a remarkable similarity to control PE fatty acid composition,
but also suggests there is a tendency to increase the relative
amounts of unsaturated to saturated fatty acids in mitochon-
dria, brush border membranes, and basolateral membranes.
Discussion
One of the oldest and most frequently studied models of acute
renal failure is that of intoxication with HgC12. This model is
also relevant as a clinical entity since heavy metals are still an
important cause of nephrotoxicity, despite attempts to control
environmental pollution [16]. Olomeraular filtration rate de-
creases by about 30% in first 6 hr of administration [17], and, in
this interval, morphological changes become evident and are
confined to the proximal nephron [18]. The heavy metal accu-
mulates rapidly in renal cortex and reaches a maximum in 1 to
2 hr after administration in the rat [19]. The accumulation of
Hg2 in the renal cortex may compromise mitochondrial
bioenergetics directly or indirectly. The effects on mitochon-
drial bioenergetics can be seen at 3 hr, but at that point are in
part reversible [19]. However, after 4 to 6 hr of exposure in
vivo, mitochondrial bioenergetics are altered irreversibly [7].
The accumulation of HgC12 intracellularly does exert toxicity
by a direct action since mitochondria in vitro with threshold
levels of 2 nmoles showed marked stimulation of state 4
Mitochondria, 24 hr
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Fig. 3. Phospholipid composition of mitochondria of control (c) and
HgC-treated animals ().
P < 0.01
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24 hr brush border membranes
Sphingomyelin
24 hr basalateral membranes
Phosphatidylinositol
Phosphatidylserine Phosphatidylethanolamine
Phosphatidylcholine
Fig. 4. Phospholipid composition of brush
border membranes. Symbols same as Fig. 3.
Fig. 5. Phospholipid composition of basolateral
membrane. Symbols same as Fig. 3.
respiration and inhibition of state 3 respiration [5]. However,
these in vitro data suggest that the intracellular processes
involve events in addition to those seen with exposure to Hg2
in vitro [6]. We have shown that HgC12 administration to rabbits
in vivo causes marked alterations in mitochondrial PE, PC, and
cardiolipin in 24 hr. Since cardiolipin is a major structural lipid
of the mitochondrial inner membrane, this biochemical change
correlates with the morphologic loss of inner mitochondrial
membrane [7, 8]. In addition, we have shown a major reduction
of PE and PS in brush border membranes, and a similar
reduction of PE in basolateral membranes. All of these changes
are consistent with marked functional alterations in the whole
kidney, tubules, renal proximal tubular cells, and mitochondrial
dysfunction. Of some interest is the observation that at 2 hr
after administration of HgC12 in vivo, there were no significant
changes in mitochondrial lipids. This is interesting in view of
the observation that the effects of mercury on mitochondrial
bioenergics are reversible at this point [7]. There was no change
in basolateral phospholipids at 2 hr either. However, there were
significant alterations in BBM phosphatidylethanolamine, with
a 24% reduction. This suggests that hydrolysis of BBM
phospholipids, in particular PE, may be an early biochemical
event leading to cell injury, and this would fit with the morpho-
logical observations that the initial damage occurs at the BBM
of the renal proximal tubule. These observations are somewhat
different from Knauss, Weinberg, and Humes [20] who mea-
sured whole kidney phospholipid after HgC12 administration in
the rat. Perhaps these differences are explained by the fact that
we separated mitochondria from BBM and BLM prior to our
assessment.
The effects of HgC12 on membrane phospholipids of 3T3
fibroblasts has shown an increase in phospholipid hydrolysis,
which seemed to be correlated with cell death [21]. Shier and
DuBourdieu [21] suggested that Hg2 was acting as a calcium
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Table 1. Phospholipids, nM P04/mg membrane protein
P1 PS SM PC PE CL
Mitochondria
Control
2 hr post HgCI2
BLM
11.1 1.1
10.7 1.5
11.8 1.4
11.5 1.0
20.8
22.4
1.9
1.3
70.4 6.0
68.4 7.2
56.1 4.8
55.8 5.4
19.0
19.7
1.5
1.7
Control
2 hr post HgCI2
BBM
15.9 1.9
15.3 2.1
32.4 5.7
28.1 2.2
58.6
50.4
8.4
5.8
85.9 8.4
93.9 8.4
78,7 5.8
78.66 5.6
—
—
Control
2 hr post HgC12
10.8 2.3
9.1 1.0
48.6 4.4
42.2 5.8
94.6
111.3
11.5
10.7
75.7 9.6
57.3 5.9
88.7 5.9
67.8 7.Oa
—
a P < 0.05.
Abbreviations are: P1, phosphatidylinositol; PS, phosphatidylserine; SM, sphingomyelin; PC, phosphatidylcholine; PE, phosphatidylethanol-
amine; CL, eardiolipin.
Table 2. Fatty acid composition of phosphatidylethanolamine percentage of total fatty acid methyl esters
16:0 18:0 18:1 18:2 18:3 20:4 Saturated/unsaturated ratio
Mitochondria
Control
2 hr post HgCI2
24 hr post HgCl2
BBM
4.3
7.3
5.7
0.15
0.63
0.5
16.0 1.5
18.6 0.54
17.8 1.6
21.3 2.3
22.4 1.4
19.3 0.83
18.6 1.9
17.7 0.59
16.0 1.4
0.7 0.05
0.6 0.1
0.66 0.06
29.4 1.4
28.82 1.38
33.2 1.9
.29
.37
.34
Control
2 hr post HgCI2
24 hr post HgCl2
BLM
7.3
8.24
8.2
0,2
0.65
1.8
14.6 0.07
15.78 0.40
20.3 3.7
22.4 1.2
22.2 1.2
23.2 3.8
18.5 1.9
16.56 0.64
13.5 0.5
0.7 0.2
0.7 0.1
0.6 0.2
27.1 2.7
26.2 1.7
25.1 6.1
.32
.37
.46
Control
2 hr post HgCl2
24 hr post HgCI2
7.8
10.7
9.1
1.3
1.6
1.6
16.8 3,3
17.8 0.9
23.0 2.7
23.7 2.2
23.6 2.4
22.9 1.1
20.5 0.7
17.0 0.8
15.4 1.8
0.5 0.1
0.5 0.07
0.5 0.1
24.5 4.1
27.4 0.81
19.5 2.4
.36
.42
.55
memetic agent since the effects were similar to those seen by
the calcium ionophore A23 187. Our experiments do not provide
us with information as to whether HgCl2 is acting as a divalent
ion ionophore, but do suggest that BBM phospholipid hydrol-
ysis may be an early event leading to cell death, and, with time,
other important organelles in the cell progressively undergo
phospholipid hydrolysis, leading to irreversible cell death.
Phospholipid hydrolysis via "activated" acyihydrolases would
release polyunsaturated fatty acids, which may undergo lipid
peroxidation. Several authors have suggested that, on the basis
of reduced GSH content [22] or increased malondialdehyde
[23], there is indeed lipid peroxidation occurring. The observa-
tion of Serhan et al [24] on lipid peroxides acting as ionophores
may be very important in the pathogenesis of renal injury since
Ca2 accumulation intracellularly is thought to be an important
consequence of irreversible cell injury [25, 26]. We have been
unable in our experiments to reproducibly demonstrate an
increase in lysophospholipids. This may be because
phospholipase A2 is not the enzyme initially stimulated or that
the lysocompounds are degraded rapidly. The changes ob-
served could be due either to reduction in net PE synthesis or to
alterations in lipid translocation, but our experiments do not
distinguish between these two mechanisms. The third possibil-
ity that remains is that Hg2 binds stoichiometrically to the
alk-l-enyl group of 1-alk-l '-enyl-2 acyl glycerophospholipid
[27) and that the Hg2-ether phospholipid is degraded rapidly in
vivo. This possibility may explain in part the reduction in PE we
observed. Ethanolamine plasmalogens do migrate with diacyl
PE in our two dimensional chromatography system, and this,
therefore, remains a possibility. Nevertheless, at 2 hr we have
a reduction in PE in BBM and not in BLM, which indicates an
early selectivity for BBM damage.
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